Root nodule bacteria were isolated from nodules on Mimosa pudica L. growing in neutral-alkaline soils from the Distrito Federal in central Brazil. The 16S rRNA gene sequence analysis of 10 strains placed them into the genus Rhizobium with the closest neighbouring species (each with 99 % similarity) being Rhizobium grahamii, Rhizobium cauense, Rhizobium mesoamericanum and Rhizobium tibeticum. This high similarity, however, was not confirmed by multi-locus sequence analysis (MLSA) using three housekeeping genes (recA, glnII and rpoB), which revealed R. mesoamericanum CCGE 501
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On: Sun, 20 Jan 2019 00:43:12 Rhizobium, albeit often ineffectively or with reduced effectiveness compared to Beta-rhizobia (Barrett & Parker, 2006; Elliott et al., 2009; Mishra et al., 2012; Klonowska et al., 2012; Gehlot et al., 2013; Melkonian et al., 2014) . However, there are exceptions, such as strains related to Rhizobium etli which can nodulate M. pudica effectively (Elliott et al., 2009; Mishra et al., 2012) .
The central Brazilian savannah, the Cerrado, is known as being the main centre of diversity for the genus Mimosa (Barneby, 1991; Simon et al., 2011) , and is also a major centre of diversity for symbiotic Burkholderia, with which the native species of Mimosa almost exclusively nodulate, including M. pudica (Bontemps et al., 2010; dos Reis Junior et al., 2010) . This contrasts with the second major centre of Mimosa diversity, central Mexico, where the endemic species are mostly nodulated by strains of Rhizobium and Ensifer (syn. Sinorhizobium) (Wang et al., 1999; Bontemps et al., 2016) , and India where two native species are nodulated by Ensifer (Gehlot et al., 2013) . This remarkable difference between the centres of Mimosa diversity in terms of rhizobial symbiont selection has been attributed in part to the pH of the soils, with the highly acidic undisturbed Cerrado soils being very suitable for the acid-tolerant genus Burkholderia, whereas the neutral-alkaline soils of central Mexico support acid-intolerant Alpha-proteobacterial symbionts, such as Rhizobium (Bontemps et al., 2016).
Here we report the results from a taxonomic study using a polyphasic approach of 10 isolates (BR 10423 T , BR 10424, BR 10425, BR 10426, BR 10427, BR 10428, BR 10429, BR 10430, BR 10431 and BR 10432) . This study included gene sequence analysis (16S rRNA gene, glnII, recA, rpoB, nodC and nifH), average nucleotide identity (ANI) comparisons, fatty acid profiling and phenotypic characterization. The strains were isolated from nodules on M. pudica growing in a garden area in the vicinity of Embrapa-Cerrados, Planaltina, in the Federal District of Brazil (15 43¢ 50.6¢¢ S 47 53¢ 48.1¢¢ W) in anthropogenic soils that were atypically neutral-alkaline (pH 7.7) for this region of the central Cerrado, where soils are characteristically highly acidic . The regional climate is Cwa (according to the Köppen classification), which is a typical savannah climate, with a mean annual precipitation of 1500 mm and two well-defined seasons: dry (from May to September) and wet (from October to April). Maximum and minimum average temperatures are 26.4 C and 15.9 C, respectively (de Carvalho Mendes et al., 2012) . The strains were deposited in the Biological Resources Center-CRB-Johanna Döbereiner-(Embrapa Agrobiologia, Rio de Janeiro, Brazil-http://www.embrapa.br); strain BR 10423 T was also deposited in the Hambi Collection (http://www.helsinki.fi/hambi) as HAMBI 3664 T . All strains were cultured on Medium 79 of Fred & Waksman (1928) , otherwise known as YMA medium (Vincent, 1970) , at 28 C, and for long-term storage the cultures were lyophilized and maintained at À80 C.
For PCR, genomic DNA was prepared using the Promega genomic DNA purification kit (cat. A1120), according to the manufacturer's instructions. Nearly full-length sequences of the 16S rRNA gene (1336 bp) were obtained for all strains using the primers and conditions described previously (Radl et al., 2013) . Sequence alignment, alignment editing and phylogenetic analyses were performed using the MEGA v.6 software package (Tamura et al., 2013) . Phylogenetic trees were reconstructed using the maximum-likelihood (Felsenstein, 1981) reconstruction method as recommended by Tindall et al. (2010) . The strength of each topology was verified using 1000 bootstrap replications and the maximum-likelihood trees are provided (Fig. 1) .
The 16S rRNA gene phylogenetic analysis ( Fig. 1) showed that the 10 strains shared more than 99. (Table S1 , available in the online Supplementary Material). A multi-locus sequence analysis (MLSA) using the housekeeping genes glnII (534 bp), recA (418 bp) and rpoB (408 bp) was then conducted (Martens et al., 2008) . Congruence among the genes was checked by comparing the topology of each tree individually. As the congruence was confirmed a concatenation of three housekeeping genes was performed using Seaview v.4.0 (Gouy et al., 2010) . The phylogenetic tree based on the concatenated sequences confirmed that the 10 novel strains belonged to a monophyletic cluster with high bootstrap support (100 %), and that they were separate from R. grahamii CCGE 502 T , R. cauense CCBAU 101002
T and R. mesoamericanum CCGE 501 T (Fig. 2) . Similar relationships were also obtained for the phylogenies of the individual housekeeping genes (Figs S1-S3), and in the case of recA, the only housekeeping gene sequence which was available for R. tibeticum CCBAU 85039 T , the phylogeny of this gene showed that this species was actually quite distant from the 10 novel strains (Fig. S1 ). In addition, the sequence similarities between the new M. pudica strains were more than 99 % for all investigated genes (Table S2 ). The closest type strains in the 16S rRNA gene analysis, R. mesoamericanum CCGE 501 T and R. grahamii CCGE 502 T showed less than 92 % similarity with strain BR 10423 T in MLSA (Table S2) . Furthermore, an ANI was estimated to determine the degree of divergence of their genomes. The ANI calculation was performed using the software JSpecies v1.2.1 (Richter & Rosselló-Móra, 2009 ) based on pairwise alignment of the genome stretches using Mummer and BLAST software. The genome sequences of BR 10423 T (GenBank accession no. NZ_LNCD00000000), R. mesoamericanum CCGE 501
T (NZ_CANI00000000) and R. grahamii CCGE 502 T (NZ_AEYE00000000) were retrieved from the GenBank database (http://www.ncbi.nlm.nih.gov/) and the genome of R. tibeticum CCBAU 85039 T (JGI Project I 1076215) was retrieved from JGI (https://gold.jgi.doe.gov). The ANI technique has been used as an alternative to DNA-DNA hybridization and similarity values >95-96 % are considered as the threshold to determine if two organisms belong to the same species (Richter & Rosselló-Móra, 2009 ). The ANI similarities between strain BR 10423 T were lower than 90 % with R. mesoamericanum CCGE 501 T (ANIb=88.4 %; ANIm=89.8), R. grahamii CCGE 502 T (ANIb=85.3 %; ANIm=88.1 %) and R. tibeticum CCBAU 85039 T (ANIb=85.4 %; ANIm=87.8 %), confirming that the novel strains belong to a different species.
For phenotypic characterization, the strains were Gramstained, and were incubated for 5 days on YMA at different temperatures (12, 15, 20, 28, 35, and 37 C) , pH values (4.0, 8.0 and 10.0) and on various NaCl concentrations [1.0, 1.25, 1.5, 1.75, and 2.0 % (w/v)]. Cell motility was observed by light microscopy of wet preparations of the strains grown in YM medium, and cell morphology was observed by transmission electron microscopy. Oxidase activity was evaluated by touching a colony with a paper impregnated with 1 % N,N,N¢,N¢-tetramethyl-p-phenylenediamine solution and observing the colour change; catalase activity was determined by flooding a colony with 10 % (v/v) H 2 O 2 and checking for the presence of bubbles.
Other biochemical tests were performed by inoculating API 20NE strips (BioM erieux) and Biolog GN2 MicroPlates (Biolog) according to the manufacturers' instructions, but with an adaptation for the turbidity of the inoculum which was adjusted to 90 % of transmittance on a spectrophotometer followed by incubation at 28 C for 4 days. Antibiotic susceptibility tests were performed on YMA using the antibiotic sensi-disc dispenser system (Oxoid) with bio-discs containing ampicillin (10 and 25 µg), chloramphenicol (30 and 50 µg), erythromycin (15 and 30 µg), gentamicin (10 and 30 µg), kanamycin (30 µg), streptomycin (10 and 25 µg), rifampicin (5 and 30 µg) and tetracycline (10 and 30 µg). The plates were incubated at 28 C and evaluated after 4 days.
The discriminating phenotypic characteristics of the novel M. pudica strains are given in Table 1 and the details of carbon source utilization are presented in Table S3 . The novel strains grew between 12 and 35 C and in a pH range of 6.8 to 10.0, which are common characteristics within the genus Rhizobium. The optimum growth was verified at 28 C and pH 6.8-7.0 (Table 1) . The novel strains were sensitive to most of the antibiotics tested, except for erythromycin (15 and 30 µg), which is similar to the profile of R. Table S1 . Table S1 .
A. C. Baraúna and others International Journal of Systematic and Evolutionary Microbiology 66
Downloaded from www.microbiologyresearch.org by IP: 54.70.40.11
On: Sun, 20 Jan 2019 00:43:12 mesoamericanum CCGE 501 T . On the other hand, R. grahamii CCGE 502 T was the only strain which was able to grow in the presence of ampicillin discs (10 and 25 µg) ( Table 1) . Enzymatic reactions were positive for catalase, urease, hydrolysis of aesculin and b-galactosidase, and negative for nitrate reduction, tryptophan deaminase, glucose fermentation and hydrolysis of gelatin. The novel M. pudica strains differed from R. grahamii CCGE 502 T in nitrate reductase, catalase and oxidase (Table 1) .
Whole-cell fatty acid methyl esters of strain BR 10423 T were extracted according to the MIDI protocol (http://www. midi-inc.com/pages/microbial_id.html) (Delamuta et al., 2013) . Cultures were grown for 3 days at 28 C on YMA prior to extraction. The profiles were generated using an Agilent chromatograph model 6850 and identified using the TSBA database version 6.10 (Microbial Identification System; MIDI). The most abundant cellular fatty acids detected were C 19 : 0 cyclo !8c (20.8 %) and summed feature 8 (C 18 : 1 !7c/C 18 : 1 !6c, 49.0 %). Moderate amounts of C 18 : 0 (10.2 %) and small amount of C 16 : 0 (6.7 %) and C 18 : 0 3-OH (3.9 %) were also found (Table S4 ). The presence of C 16 : 0, C 18 : 0 and C 19 : 0 cyclo !8c supports the placement of these strains in the genus Rhizobium (Tighe et al., 2000) and revealed some differences between BR 10423 T , R. mesoamericanum CCGE 501 T and R. grahamii CCGE 502 T (Tables 1 and S4 ).
The G+C content of DNA was determined with the program JSpecies v1.2.1 (Richter & Rosselló-Móra, 2009 Carbon source utilization N-Acetyl-D-galactosamine
Nitrate and nitrite reductase Rhizobium altiplani sp. nov.
Nodulation and nitrogen fixation genes are required for effective legume symbiosis, and so the symbiosis-essential nodC and nifH genes were analysed according to Sarita et al. (2005) and Chen et al. (2003) , respectively. Phylogenetic trees were reconstructed as described previously and the results are given in Fig. 3 and Fig. S4 for nodC and nifH, respectively. Analysis of nodC sequences grouped the 10 novel strains with R. mesoamericanum (100 % similarity), strains of which were originally isolated from M. pudica in Central America (Barrett & Parker, 2006; López-López et al., 2012) and French Guiana (Mishra et al., 2012) , and more recently from diverse Mimosa species in Mexico (Bontemps et al., 2016) . Analysis of nifH sequences of three strains from the novel species also clustered them closest to R. mesoamericanum CCGE 501 T and R. grahamii CCGE 502
T , but unlike their nodC sequences their nifH sequences were not identical to either species (Fig. S4) .
To confirm the nodulation ability of the strains investigated in this study, strain BR 10423
T was tested on its original host Mimosa pudica and various other legumes using 500 ml glass bottles containing N-free nutrient solution according to Radl et al. (2013) . The seeds were surface-sterilized with hypochlorite [5 % (v/v); 5 min], and an additional scarification step with sulphuric acid (10 min) was used for M. pudica and Crotalaria juncea. The seeds were germinated on 1 % water agar plates, transferred to 500 ml glass bottles and inoculated with 1 ml YM broth suspension containing approximately 10 9 bacterial cells grown for 3 days at 28 C. All treatments, plus an uninoculated control, were replicated four times in a split-plot design. Nodulation was evaluated at 16 days after inoculation. Strain BR 10423 T formed effective nitrogen-fixing nodules on the roots of M. pudica, Crotalaria juncea, Vigna unguiculata, and Phaseolus vulgaris (Fig. S5 ). Nodules were also formed on these species by a BR 10423 T derivative strain carrying the gfp reporter plasmid pHRGFPGUS (Ramos et al., 2002) , and green fluorescent bacteroids could be visualized occupying the nodules of these four legume species by confocal Table S1 .
laser scanning microscopy. Ineffective (non-fixing) nodules were formed on Lupinus angustifolium, but no nodulation was observed on Arachis hypogaea nor on any of the uninoculated control plants.
The genotypic and phenotypic data presented in this study demonstrate that the strains isolated from Mimosa pudica root nodules collected in central Brazil represent a novel species of the genus Rhizobium, for which the name Rhizobium altiplani sp. nov. is proposed, with BR 10423 T (=HAMBI 3664 T ) as the type strain.
Description of Rhizobium altiplani sp. nov. The type strain, BR 10423 T (=HAMBI 3664 T ), was isolated from nodules of Mimosa pudica growing in alkaline soil in the Federal District of central Brazil. The DNA G+C content of the type strain is 57.6 mol%.
